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Abstract 
Ti3SiC2 was deposited onto titanium substrates using electrophoretic deposition; a 4.3 wt.% 
suspension of Ti3SiC2 in water at pH 9 was used with 10 V field applied across the substrates. 
After 10 minutes of deposition, the coating surface density was 1.89±0.26 mg/cm2. The thin 
coatings were then rapidly densified using a Renishaw AM250 3D printing laser to scan the 
surface. Cross sections of the substrate post sintering, showed the coating thickness to be 10±30 
µm and densified with silicon loss constrained to the surface, although the overall coverage and 
adhesion varies. Preliminary Raman spectroscopy results suggest some MAX phase remains 
after sintering, but further characterisation is required to confirm. 
Keywords: MAX phase, Ti3SiC2, Electrophoretic deposition (EPD), Coating, Laser sintering, 
Titanium 
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1. Introduction 
Mn+1AXn phases are a family of ternary carbides and nitrides with a layered structure, which 
consist of a transition metal element, an A group element and carbon or nitrogen [1].  They have 
garnered interest in recent years due to their unusual combination of properties which include 
ceramic traits such as high stiffness, high temperature strength and resistance to creep, alongside 
properties more commonly found in metals such as good electrical and thermal conductivity, and 
they also have relatively high fracture toughness compared to other ceramics [2,3]. Due to their 
reasonable oxidation resistance and typically high decomposition temperature, MAX phases can 
be considered as a protective coating in many high temperature environments.Ti3SiC2 is arguably 
RQHRIWKHPRVWVWXGLHG0$;SKDVHVILUVWGLVFRYHUHGLQWKH¶VE\-HLWVFKNRDQG1RZRWQ\ 
[4]LWVXQXVXDOSURSHUWLHVZHUHODUJHO\XQH[SORUHGXQWLOLWVµUHGLVFRYHU\¶ by Barsoum and his 
research group at Drexel University [5], since which over 60 stable phases have been identified 
[6]. 0$;SKDVHµ$¶OD\HUVFDQDOVREHVHOHFWLYHO\HWFKHGWRSURGXFHWKLQILOPVRI0;OD\HUV
known as MXenes, which are also of interest as a novel material [7]. 
There are several already established methods for depositing MAX phase coatings or 
synthesising thin films, including physical vapour deposition (PVD)[8], magnetron sputtering [9] 
and cathode arc deposition[10]. Other demonstrated techniques include cold-spraying 
[11][12][13], High velocity oxygen fuel (HVOF) spraying [14] and pulsed electrospark 
deposition [15]. Typically these methods require the coating or the substrate to be at an elevated 
temperature. 
Electrophoretic deposition (EPD) is a frequently used coating technique, in which particles are 
suspended in a liquid medium. Due to the surface charge of these particles, measured by a 
TXDQWLW\GHQRWHGȗ-potential, they move in suspension under the influence of an applied electric 
field between two electrodes. It is a useful coating process due to its relative ease, its application 
at room temperature and its ability to provide even coatings on complex geometries. Research 
into EPD of Ti3SiC2 and Ti3Si(Al)C2 has been carried out by Mishra et al. [16] and Liang et al. 
3 
 
[17] respectively. However, the green density of such coatings is typically quite low, and a 
sintering process is needed, which can be problematic due to delamination of the coating or 
excessive heating of the substrate. However, Wang et al. used a High Powered Diode Laser 
(HPDL) module affixed to a CNC controlled XY table to densify yttria stabilised zirconia and 
alumina coatings onto FeCrAl alloy substrates, minimising damage to the substrates [18]. De 
Riccardis et al. [19] have demonstrated a similar method for rapid densification of alumina-
zirconia deposits using electron beam welding (EBW) equipment to scan the coated surface, 
resulting in densification, higher adhesion and thus demonstrating proof of concept the EPD 
powders can be densified on the surface of a given substrate. 
Selective laser melting (SLM) is an additive manufacturing process whereby a high power laser 
is used to fuse particles (typically metal) in a powder bed under vacuum or inert gas. Under 
operation subsequent layers of powder are deposited on top and fused, building up a 3D part 
which is then removed from the bed of remaining un-densified powder. A related technique is 
Selective Laser Sintering (SLS), which does not melt the powder but rapidly sinters it 
(depending on the powder properties). Although these techniques are commonly associated with 
3D printing, it was hypothesised that this could be a suitable method for densification of EPD 
ceramic layers of MAX phases.
 
In this contribution, a SLM machine was utilised as a SLS 
machine (as MAX phases do not melt) within a vacuum chamber to scan a single layer over a 
green EPD MAX phase (Ti3SiC2) coating. The layers were then characterised using a 
combination of scanning electron microscopy (SEM) and Raman spectroscopy.  
 
2. Materials and methods 
Ti3SiC2 powder, containing about 10 vol.% of impurity TiC phase (Maxthal 312, Kanthal) was 
used as the feedstock in the experiments, due to its commercial availability. The pH adjustments 
GXULQJȗ-potential measurements were performed using dilute (0.1 M and 0.01 M) hydrochloric 
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acid and sodium hydroxide solutions. Titanium foil (1 mm thickness, Alfa-Aesar) was used as 
the substrate material to demonstrate proof of concept. Substrates were cut to 100 x 50mm 
sheets, and the surfaces wiped with isopropanol to remove any grease or fingerprints, and then 
with ethanoic acid to remove any oxides and further clean the surface. A final wash with distilled 
water removed any acid present. 
 
2.1 Suspension preparation 
The as-received Maxthal 312 was milled for 24 hours on a roller mill in isopropanol with ZrO2 
media to reduce the particle size and then dried at 80°C for a further 24 hours. Following the 
preparation from Liang et al. [17], suspensions were created using distilled water with a 4.3 
wt.% addition of Ti3SiC2. The suspension was stirred with a glass rod for 2 minutes to break up 
DQ\ODUJHDJJORPHUDWHVDQGWRWKRURXJKO\µZHW¶DOOWKHSRZGHU7KHVXVSHQVLRQZDVWKHQ
ultrasonically agitated in a water bath for 5 minutes to break up any smaller agglomerates and to 
disperse the particles. Finally, the suspension was kept agitated using a magnetic stirrer and bar 
in between depositions to discourage flocculation (the agglomeration of fine particles formerly in 
suspension) and settling. 
 
2.2 Deposition  
Deposition was carried out using a power supply (Kikusui PAS500-0.6) connected to the 
titanium electrodes using a custom sample holder (modelled in Trimble SketchUp 2016 and 3D-
printed in ABS plastic on custom built Prusa-Mendel type) to hold the substrates 15 mm apart in 
a 300 mL beaker (Fig.1). The voltage was kept at a constant while the current was monitored. 
After the allotted deposition time, the power supply was turned off and the receiving electrode 
was carefully removed and allowed to dry horizontally with the coated side facing up. 
 
 
5 
 
2.3 Sintering 
Conventional sintering was undertaken at 1400°C under vacuum in a furnace (Elite TSF15-
50/180-2416) with a hold time of 1 hour. Laser sintering was performed in a Renishaw AM250 
SLM 3D printer using a modified pre-heat test programme under vacuum. The AM250 uses a 
pulsed laser to scan the surface. The energy deposition density was varied by adjusting the 1080 
nm laser power and the beam focus (raising the focal point a set distance above the surface), 
thereby producing a matrix of squares.  
 
2.4 Characterisation 
The Ti3SiC2 was analysed in a Malvern Mastersizer 3000 to determine the distribution of particle 
sizes, using Mie scattering settings for non-spherical particles, and an obscuration level of 2.75% 
in water. Values for refractive index were estimated from work done by Ali et al. [20], and 
DEVRUSWLRQZDVWDNHQWREHȗ-potential measurements were taken at a range of pH values using 
a Malvern Zetasizer Nano to determine the maximum value (using the same parameters as 
particle size analysis). The coated plates were sectioned and set in Buehler Epoxicure 2 resin and 
left overnight to cure. The resin encased samples were polished using a Buehler Ecomet 250 
with an Automet 250 head, using P260 and P600 diamond grinding discs (MetPrep Cameo 
Platinum Series) and then polished using 3 µm diamond suspension (MetPrep monocrystalline) 
on a cashmere cloth (MetPrep). SEM imaging and energy dispersive x-ray (EDX) analysis were 
performed on a Hitachi TM3030 (15kV) using the Bruker Quantax 70 software. Due to the 
uneven surface and inconsistent coverage, Raman was chosen as a characterisation tool as it 
requires a very small spot size. This was performed using a Renishaw InVia Raman microscope 
(625 nm 20 mW laser, 10 x 10s data accumulations). 
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3. Results 
3.1 Particle size and zeta-potential 
After milling, the median particle size of the Ti3SiC2 was 4.79 µm. As milling can lead to 
damage or contamination of the powder, and the size reduction was minimal, it is recommended 
that further work omits this step. Typically, particle sizes of 1-20 µm are appropriate for EPD 
[21], but smaller particle sizes increase the rate of deposition  and lead to a denser coating. ȗ-
potential measurements are shown in Fig.2. For Ti3SiC2 in water, the isoelectric point (IEP, the 
YDOXHZKHUHWKHȗ-potential is 0 and the least optimum condition for a stable suspension) is at pH 
5, while the maximum potential is between 9 and 9.5. This is the point where the particle 
repulsion is greatest, which means that flocculation and sedimentation are less likely.  
Suspensions were therefore adjusted to pH 9 before deposition. 
 
3.2 Deposition 
Deposition was carried out using 10 V, as higher voltages resulted in bubbles appearing in the 
coating due to electrolysis. Fig.3 displays the relationship between time and deposition mass 
density. After 10 minutes, the surface density was 1.89±0.26 mg/cm2. During 10 minute 
depositions, the current fluctuated between 0.8 and 1 mA. Examining the green depositions 
under SEM (Fig.4) shows an even coverage of particles with a range of sizes, from 0.5 to 20 µm 
long.  
 
3.3 Sintering 
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After conventional vacuum sintering, the coating delaminated into many small flakes. Although 
densification took place, the MAX phase did not adhere to the substrate, presumably as a result 
of differential thermal expansion between the Ti metal and the MAX phase. 
The first test matrix varied laser power between 10 and 200 W in columns (10 x 21.11 W 
increments) and the focus of the beam between 0 and 14 mm in rows (8 x 2 mm increments). 
The 10 x 8 test squares were 5 mm squares, and the whole sintering process lasted around 40 
seconds. Above 52W, the coating was ablated rather than densified and at low power and wide 
focus (5W, 10-14mm), the coating appears partially densified but delaminated. More 
encouraging, in between the results appeared successful. The substrate also began to curl and lift 
slightly with increasing laser power. Two subsequent matrices were performed on new substrates 
to try and better optimise the sintering conditions. These matrices featured reduced laser power 
ranges (5±50 W, 11.25W increments), focus ranges of 5±10 mm (1.67 mm increments) and 5±20 
mm (5 mm increments) respectively, and a 5 x 4 array of larger 10 mm squares. Examining the 
plates under SEM, there were striking differences between the sintered and green areas of the 
plate. The path of the laser was clearly visible and there was localised fusing of the coating 
particles.  
The effect of the laser focus parameter is shown in Fig.5 (31.1 W, 0±14mm focus). At narrow 
focus, the coating is ablated along the laser path, resulting in poor coverage and large globular 
regions of coating. As the beam becomes more diffuse, the effect is minimised and the coating 
coverage is improved with a reduction in tall surface agglomerates. 
Fig. 6 shows a collection of cross sections of the coating. The thickness range is 10±30 µm and 
coverage and adhesion to the substrate varies. The section of 16.25 W and 10 mm, shows fairly 
uniform coverage, however the coating is cracked in places and shows some delamination from 
the surface of the Ti substrate. It is unclear if the delamination occurred during sintering or 
sectioning, but its adhesion here is poor. Whereas the 5 W, 5 mm sample shows periodic uneven 
coverage due to the narrow beam, but appears well adhered. There is also a prominent surface 
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phase which is cracked and poorly adhered to the coating. High power and wide focus (50 W, 10 
mm) (Fig. 7) seems to offer good adhesion and slightly improved coverage, but gaps are still 
present and the surface phase is increased. 
EDX spectra mapping of the cross section reveals that the surface phase is silicon-deficient (Fig. 
8), and therefore is likely to be TiC1-x, arising from the MAX phase decomposing through Si-loss 
[22]. There also appears to be very little in the way of diffusion into the substrate by the coating, 
likely due to the rapid nature of the bonding.  
Fig. 9 shows Raman analysis of both the coating surface and the cross section. Characteristic 
peaks for Ti3SiC2 can be identified, along with a broad peak which is characteristic of sub-
stoichiometric TiC [23]. This suggests that some of the coating remained crystalline during the 
sintering process. 
 
4. Discussion 
Low power and narrow focus results in the formation of periodic coverage bands seen in Fig. 8 
(top left), increasing the power and broadening the focus results in the more consistent coating, 
but with poorer adhesion. Increasing the power results in wider bands that exhibit some cracking 
and have larger regions of the TiC1-x surface phase. As shown in the cross-sections, there was 
significant delamination of the coating from the surface in some samples. The adhesion of the 
coating to substrate may be improved with a TiC interlayer, which could be deposited via EPD 
and conventionally or laser sintered before repeating the deposition with Ti3SiC2. Raman 
analysis shows characteristic peaks of Ti3SiC2, but a more comprehensive characterisation (such 
as TEM) is required to confirm what fraction of MAX phase remains after laser sintering. 
The AM250 SLM machine KDVDVSRWVL]HRIDSSUR[LPDWHO\PDWµ]HUR¶IRFXV
parameter[24], which agrees with the width of the densified bands in the narrower focus images 
in Fig. 6. The hatching setting (distance between successive beam scans) was also approximately 
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70 µm and responsible for the spacing between the densified bands. A more easily parametrized 
laser setup would be beneficial in that accurate fluences could be determined. Taken as a whole, 
the results suggest that laser sintering of MAX phases on the surface of a metal substrate is 
feasible and points to a need for further work.  
 
5. Conclusions 
Thin coatings of green Ti3SiC2 were deposited onto titanium substrates electrophoretically for 10 
minutes with 10 V, resulting in a surface green density of 1.89±0.26 mg/cm2. After conventional 
attempts to densify and adhere the coating to the substrate were unsuccessful, a laser sintering 
approach was used to rapidly treat the surface. Varying the laser power and its focal length, 
resulted in a ~30 µm coating with either good coverage (low power and wide focus) or good 
adhesion (low power and narrow focus). 50 W and 10 mm focus showed improved coverage 
(with respect to the low power and narrow focus) while still remaining attached. Raman peaks 
were observed indicating the presence of Ti3SiC2 in the coating, but further examination is 
required to confirm the coating remained crystalline MAX phase, and to quantitatively determine 
its adhesion to the substrate.  
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Figure captions 
Fig. 1 ± Sample holder rendered in SketchUp (left) and experimental setup (right). 
Fig. 2 ± ȗ potential measurements for Ti3SiC2 in water. Spread bars convey standard deviation. 
Fig. 3 ± Surface density of green coating against deposition time for Ti3SiC2 in pH 9 adjusted 
water. 
Fig. 4 ± SEM images showing coverage of green deposition at 10 V for 10 minutes. (Inset) Large 
MAX phase particle, ~20µm long. 
Fig. 5 ± SEM images of morphological effect of laser focus at 31.1W. Narrower focus results in 
poor coverage and ablation, while wider focus improves coverage. 
Fig.6 - SEM images of laser-sintered coating cross sections at low and high magnification. 
Fig.7 ± SEM images of coating cross section with 50 W, 10 mm focus. 
Fig.8± EDX spectra maps of resin mounted coating cross-section showing silicon-poor surface 
region. 5W laser power, 5mm focus. 
Fig. 9 ± Raman analysis of the surface and cross section of the coating, showing characteristic 
peaks for Ti3SiC2, and broad peak indicative of TiC1-x.  
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